Pyrochlore iridates A 2 Ir 2 O 7 (A = rare earth elements, Y or Bi) hold great promise for realizing novel electronic and magnetic states owing to the interplay of spin-orbit coupling, electron correlation and geometrical frustration. A prominent example is the formation of all-in/all-out (AIAO) antiferromagnetic order in the Ir 4+ sublattice that comprises of corner-sharing tetrahedra. Here we report on an unusual magnetic phenomenon, namely a cooling-field induced shift of magnetic hysteresis loop along magnetization axis, and its possible origin in pyrochlore iridates with nonmagnetic Ir defects (e.g. Ir 3+ ). In a simple model, we attribute the magnetic hysteresis loop to the formation of ferromagnetic droplets in the AIAO antiferromagnetic background. The weak ferromagnetism originates from canted antiferromagnetic order of the Ir 4+ moments surrounding each non-magnetic Ir defect. The shift of hysteresis loop can be understood quantitatively based on an exchange-bias like effect in which the moments at the shell of the FM droplets are pinned by the AIAO AFM background via mainly the Heisenberg (J) and Dzyaloshinsky-Moriya (D) interactions. The magnetic pinning is stable and robust against the sweeping cycle and sweeping field up to 35 T, which is possibly related to the magnetic octupolar nature of the AIAO order.
oxides, iridates represent such a unique system with electron correlation and SOC of comparable energy scales. 6, 7, [9] [10] [11] [12] [13] [14] In particular, the pyrochlore compounds A 
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The Weyl semimetal states in pyrochlore iridates are predicted to be accompanied with a non-collinear antiferromagnetic (AFM) order in the Ir 4+ sublattice that comprises of cornersharing tetrahedra. 6, 18 The four Ir 4+ moments at the vertices of each tetrahedron point either into or outward from its center. This peculiar all-in/all-out (AIAO) magnetic order results from the competition between Heisenberg interaction (J), Dzyaloshinsky-Moriya (DM) interaction (D), and single-ion anisotropy: with only Heisenberg antiferromagnetic interaction, the Ir 4+ moments are geometrically frustrated; the magnetic frustration is removed by the DM interaction and the single-ion anisotropy that are enhanced by SOC.
6,18
The AIAO AFM order of Ir moments has been experimentally evidenced by a variety of magnetic probe techniques, including resonant X-ray scattering, [19] [20] [21] muon spin relaxation studies, 22, 23 and neutron diffraction.
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A prominent feature of the AIAO order is that the four moments in a tetrahedron can be treated as a magnetic octupole whose susceptibility is a third-rank tensor. 25, 26 Besides being a weak coupling to magnetic field, the order is unique in the sense that an outof-plane magnetization can be induced by an in-plane magnetic field. 26 Another notable characteristic is the existence of two interchangeable magnetic configurations that are linked by a time-reversal operation. 27 Nontrivial metallic interface states are predicted to exist on the wall of these two time-reversal-related magnetic domains. . To illustrate the relation between M sh and the magnetic moments that are pinned as a result of field cooling, we carried out another temperature dependence of magnetization measurement in the following protocol: the sample was first cooled down in a field of 1 kOe; then the magnetic field was set to zero using an oscillating mode in the MPMS; finally the magnetization was measured in zero magnetic field upon
warming. In such a process, the measured magnetization reveals the magnetic moments that are pinned after the cooling process. As shown in Fig. 1(c) , the magnetization agrees well with M sh at all temperatures, indicating that the vertical shift is clearly due to the pinned magnetic moments. Another parameter
is defined to characterize the weak ferromagnetic component. As shown in Fig. 1(d) , the M h has a non-monotonic dependence on the temperature: it increases first and then decreases, yielding a peak around T N .
Magnetic hysteresis loops were also recorded after zero field cooling and the corresponding M h shows nearly the same trend as the FC data. It is worth noting that the M h shows some variations among different polycrystalline powder from the same batch, which likely results from stoichiometric inhomogeneity. However, the fact that both the M sh and M h show strong temperature dependence around T N confirms that the vertical shift of hysteresis loops is an intrinsic feature of the pyrochlore phase, in contrast to the paramagnetic or diamagnetic nature of the impurity phases (i.e. Lu 2 O 3 , IrO 2 , and Ir). [47] [48] [49] We note that the enhancement of magnetic hysteresis loop (or coercive field) around T N was reported in exchange-bias systems in which FM domain/layer is pinned by AFM. 50, 51 The maximum M h is hence an indication of interfacial coupling between the FM droplets and the AFM background which will be discussed in details below.
The weak ferromagnetic component observed earlier in Y 2 Ir 2 O 7 was attributed to the presence of Ir 5+ as a result of non-stoichiometry. 36 We carried out X-ray photoelectron spectroscopy to study the oxidation state of Ir in Lu 2 Ir 2 O 7 . As shown in Supplemental
Material Figure S2 , the iridium spectrum has three components which are attributed to: six 5d electrons completely fill the t 2g states (or the J eff = 1/2 and 3/2 states), leading to a nonmagnetic state. We show below that the presence of non-magnetic defects in the network of Ir tetrahedra gives rise to ferromagnetic (FM) droplets and the exchange coupling between the FM droplets and the AFM background yields a vertical shift of magnetic hysteresis loop.
The Hamiltonian for the magnetic moments in a standard magnetic system with strong SOC has the following form, To quantitatively study the dependence of M sh on cooling-field H cool , we model the magnetic energy E of an FM droplet [i.e. the top tetrahedron in Fig. 2(b) ] as a function of canting angle θ (i.e. the angle made by the spin S with the bottom face of the same tetrahedron). In the absence of non-magnetic defect, the three canted moments at the bottom face collectively balance the moment at the top vertex, so the canting angle has sin θ = 1/3.
Because of the three-fold rotational symmetry, it suffices to consider the lower-left moment S as a representative for the three moments. Based on Eq. 1, we have obtained the following expression in which all terms irrelevant to dynamics are neglected,
The first term proportional to J results from rewriting the sum of inner products J S i · S j =
(1/2)J| S| 2 . This term favours a coplannar configuration corresponding to sin θ = 0.
The second term along with the constant angle sin θ 1 = 1/ √ 3 results from employing the explicit expressions for the normalized D vectors specified in Ref. 52 . This term alone gives rise to a canting angle of sin θ ≈ 0.46 in the FM droplet, larger than the canting angle with sin θ 0 = 1/3 in a perfect tetrahedron. The last term stands for the antiferromagnetic coupling between S and the rest three moments (denoted by green arrows) in the lower-left tetrahedron. We denote the sum of those three moments by S 0 . To simplify the calculation, we adopt the mean-field picture: given the direction of H cool shown in Fig. 2 (b) , the "averaged" magnitude |S 0 | monotonically increases from zero to a saturated value as H cool is increased from zero (ZFC) to some critical value H 0 . Thus, it suffices to consider the effect of cooling-field through the fitting functional, 46,53
where c 1 and c 2 are positive parameters to be determined by matching with measurement data. Qualitatively, H 0 is the critical field beyond which the FM droplets are aligned and the "averaged" S 0 stops increasing rapidly, while its value is to be determined by data, too. In the absence of H cool , i.e. ZFC, the third term in Eq. 2 vanishes and E tot has two identical local minima corresponding to two θ values that are separate by π [dashed curve in Fig. 2(c) ]. This can be seen from the symmetry of the first two terms in Eq. 2 under θ → θ + π. As such, the moments in the FM droplet have an equal chance to point at one direction or at its opposite, and such situation is independent of the ratio D/J. On the other hand, in the presence of H cool (i.e. FC), the energy has two different local minima (E p and E ap ) that are separated by an energy barrier (solid curve in Fig. 2(c) ). The difference between E p and E ap is significant in determining the magnetization in the sweeping process.
Following the discussion in Ref. 53 , when the sweeping field changes from a very large and positive (negative) value to zero, the FM droplets initially occupying the state of E p (E ap )
will partially switch to the state of E ap (E p ) to reach an equilibrium state. Although the details depend on the tunneling mechanism and the barrier between two states, the average of the two intersections, M 1 and M 2 , from the two paths of varying the H only depends on the energy difference between E p and E ap . Namely, we can write
with θ p(ap) representing the canting angle corresponding to the lower (higher) energy mini- Lastly, we note that the magnetic hysteresis loops in a conventional exchange-bias system are horizontally shifted. 55, 56 The vertical shift observed here suggests that the magnetic pinning is very robust in the pyrochlore iridate system. We demonstrate next the robustness of magnetic pinning against sweeping cycle and sweeping field. related to the octupolar nature of the AIAO order. Indeed, both the dipole and quadrapole terms vanish in an AIAO state and the resulted octupolar term has a susceptibility that is described by a third-rank tensor. 25, 26 The third-order tensor coupling with the magnetic field is presumably weaker than the exchange couplings J and D between dipole moments, which is possibly why the pinned moments are not switchable by an external magnetic field.
IV. CONCLUSIONS
In summary, we report on a cooling-field induced vertical shift of magnetic hysteresis loop and its possible origin in pyrochlore iridates that contain non-magnetic Ir defects. 
